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Abstract 


Inverse spinel LiNiVO, thin films were prepared by rf-sputtering, fallowed by films annealed at 300, 450 and 600°C for 2h to induce the 
crystallization of the films. The films were characterized by X-ray diffraction, Rutherford backscattering spectroscopy, nuclear reaction analysis, 
Auger electron spectroscopy, atomic force microscopy and scanning electron microscope techniques. The Anodic electrochemical performance films 
have been cycled in the range of 0.02—3.0 V, at room temperature, at a current density 75 pA cm ?. Galvanostatic cycling and cyclic voltammetry 
results shows characteristic cycling curves with respect to annealing temperature. The films annealed at 450°C showed best electrochemical 
performance and excellent capacity retention during cycling was observed due to its nanosized morphology. 
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1. Introduction 


Thin film lithium ion batteries are of potential importance in 
the area of low power applications such as micro-systems, micro- 
sensors, micromechanics, microelectronics and also implantable 
medical devices. The various cathodes, anodes and electrolytes 
materials for solid state rechargeable microbatteries have been 
studied [1—7]. Lithium metal was commonly used anode mate- 
rial for lithium microbatteries, it has several disadvantages like 
reactivity to moisture and safety problems. To overcome this 
problem to search for an alternative anode materials. In this 
aspect, recently LiNiVO4 material showed promising negative 
electrode [6-13], because of its high specific capacity compared 
to graphite electrode. Reported literatures on nano-particles or 
nanostructured, thin films compounds showed a combination 
of rate capability, cycle life and electrochemical performance 
superior to that of electrode with bigger particle size [14—19]. 
Therefore, considering the aforementioned strategies, we report 
the simple method of preparation, analysis of nano sized to sub- 
micron LiNiVO, particles and electrochemical studies of the 
films. 


* Corresponding author. Present address: Department of Physics, Solid State 
Ionics/Advanced Battery Lab, National University of Singapore (NUS), Singa- 
pore 117542, Singapore. Tel.: +65 65162605; fax: +65 67776126. 

E-mail addresses: phymvvr@ nus.edu.sg, reddymvv @ hotmail.com 
(M.V. Reddy). 


0378-7753/$ — see front matter © 2006 Elsevier B.V. All rights reserved. 
doi:10.1016/j.jpowsour.2006.09.078 


2. Experimental 


Lithium nickel vanadate films were prepared by using radio 
frequency (rf) sputtering technique and LiNiVO4 was used as 
a target. The powder was prepared by solid state reaction of 
Li2CO3, NiO and V205, heated at 730°C, 12h in air. The 
pure argon (99.999965) and oxygen (99.99%) used as a carrier 
and reactive gas respectively, during sputtering. Before depo- 
sition of thin films, vacuum of ~4 x 1075 Pa was applied into 
sputtering chamber. The deposition conditions of the thin films 
preparation are: a distance between target substrate of 8 cm, a 
power of 30 W, a partial pressure of oxygen (pO2) of 10 mPa 
(1%), total working pressure of 1 Pa, and a substrates tempera- 
ture about 50 °C (+5) during deposition. Whole sputtering unit 
was attached to an argon filled glove box to avoid contamination 
of films. The stainless steel (SS) substrates are used in electro- 
chemical measurements, carbon or silicon (1 1 1) and aluminium 
foil (for thickness measurement) were used in RBS/NRA, SEM 
and AFM studies. The nano sized morphologies of the films are 
obtained by heating amorphous films from 300 to 800 °C for 2h 
duration in a tubular furnace in an argon atmosphere. Annealed 
films with the thickness «1 um are good adhesion to substrates. 

The composition of thin films were examined by Ruther- 
ford Backscattering Spectroscopy (RBS), (Het, 2 MeV) and 
the lithium concentrations are estimated by ’Li(pa)*He, Nuclear 
reaction Analysis (NRA). The homogeneity of thin films was 
carried out by using Auger electron spectroscopy (AES) (VG 
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Micro lab 310 F). Crystal structure of powder and annealed 
films were identified by using the X-ray diffractometer (XRD) 
on Philips PW1730, equipped with Cu Ke radiation. Morphol- 
ogy of films was studied Scanning electron microscopy (SEM) 
(JEOL JSM-5200 microscope) and Atomic force microscope 
(AFM) (Dimension 3100, Digital instruments). 

For electroanalytical studies like cyclic voltammetry (CV) 
and galvanostatic discharge-charge cycling, LiNiVO, film was 
used as working electrode and lithium metal foil as a counter 
and reference electrode. Polypropylene celgard membrane was 
used as a separator and presently preliminary electrochemical 
studies were performed with 1 M LiPFg (EC:DEC) (Merck) 
electrolyte. We note during preparation of thin film electrodes 
neither conducting carbon nor binder was used. Geometrical area 
of the electrode is 1.32 cm? and ~0.3 jum thick films are used 
to carry electrochemical measurements. The cells were fabri- 
cated in an Ar filled glove box. Galvanostatic discharge-charge 
cycling (constant current mode) and CV measurements were car- 
ried out at room temperature by using Bath lab battery tester and 
computer controlled VMP system (Bio-logic, France), respec- 
tively. 


3. Results and discussion 
3.1. Composition, structure and morphology aspects 


The chemical composition of the films are obtained by using 
the Rutherford backscattering spectroscopy and nuclear reac- 
tion analysis are Li; 1 NiVO4(40.1 and the RBS spectra of the 
film was shown in the Fig. 1. Auger electro spectroscopy (AES) 
analysis showed atomic concentrations are homogeneous with 
the film thickness and more details on analysis of the films are 
reported elsewhere [11]. The Glancing-angle XRD patterns of 
as-deposited sputtered lithium nickel vanadate films are amor- 
phous, this was also conformed by HRTEM images reported 
previously [12]. The XRD pattern of LiNiVO, target was shown 
in Fig. 2a. All peaks in the XRD patterns were indexed on the 
basis of inverse spinel structure assuming space group Fd 3m, 
where Li, Ni atoms occupy octahedral sites (16d) and V atoms 
are in tetrahedral site (8a) and O ions are 32e site. The compound 
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Fig. 1. RBS spectra of as-deposited LiNiVO, film on Silicon substrate, elements 
are shown in figure. 


shows a cubic lattice parameter value of a=8.219 A (JCPDS 
38-1395). The XRD patterns of the films at various annealing 
temperature are shown in Fig. 2b. The continuous crystal growth 
of (hk 1) lines is clearly seen with respect to annealing tempera- 
ture (Fig. 2b). XRD pattern of annealed film show a major phase 
of LiNi VO; (a= 8.22 (7) A) and small impurities of Liz VO4 or 
LiVO3 phases (600°C). 

Fig. 3 displays the AFM topographic surface images and the 
corresponding three-dimensional plots of the annealed films. 
Film annealed at 450°C (Fig. 3a) show a uniformly distributed 
grains with an average particle size is of order 20-40 nm. 
Whereas films annealed at 600 and 700?C temperature, par- 
ticle size varies from 70 to 90nm and 110-150 nm, respec- 
tively (Fig. 3b and c). The observed result clearly shows the 
effect of annealing on LiNiVO, films induces the formation of 
larger grains. The corresponding three-dimensional (3D) plots 
(Fig. 3a’-c’) of annealed films showed a root mean square 
(RMS) roughness varies from 10 to 25 nm. Also note that par- 
ticle size, morphology and surface roughness play an important 
role in electrochemical performance [2,5,9,12—19]. TEM images 
of the annealed films on cupper grid was not studied due to 
experimental difficulties of the preparation films on TEM sam- 
ple holder due to formation of Cu oxides above 300?C [20]. 
Scanning electron microscopy (SEM) images of annealed films 
are shown in Fig. 4a and c, for comparison LiNiVO4 powder 
prepared at same temperature by solid state method are also 
shown in the Fig. 4 b. The annealed thin films showed «80 nm 
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Fig. 2. X-ray diffraction pattern of LiNiVO4 (a) powder (b) films annealed at 
400, 600 and 700 ^C; 2h in argon atmosphere. Miller indices are shown in the 
pattern, with Cu Ko radiation. Thickness of film t 1 jum, films deposited silicon 
(1 1 1) substrate. 
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Fig. 3. Atomic force microscopy (AFM) images of LiNiVO, film, deposited on Silicon substrate, film thickness ~0.3 jum, annealed under Ar gas, for 2h. (a) T: 
450°C. Bar scale, 1 jum x 1 jum; data scale, 10 nm. (b) T: 600°C. Bar scale, 1.0 jum x 1.0 jum; data scale 20 nm, (c) T: 700°C. Bar scale, 1.0 jum x 1.0 jum; data 
scale 20 nm. a'—c' are three-dimensional plots of a—c. 


sized particles and LiNiVO4 powder showed 6-10 jum sized, 3.2. Electrochemical measurements 
inhomogeneous particles (Fig. 4b). We also note that morphol- 
ogy of films can be controlled by varying growth conditions The galvanostatic charge-discharge cycling of the LiNiVO4 


like annealing temperature, time of heating and thickness of the annealed film cells (300, 450 and 600°C, 2h) were carried out 
lithium nickel vanadate films (not discussed here). at room temperature, at a current density (j) 75 wAcm?. The 
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Fig. 4. SEM photo graphs of LiNiVO, (a) film annealed at 730°C; Bar scale, 
1 jum (b) bulk powder; Bar scale, 6 jum (c) film annealed at 600°C; Bar scale 
400 nm. Films deposited on silicon substrate and film thickness ~0.3 jum. 


cycling studies were carried out in the range of 3.0-0.02 V 
versus Li. The voltage versus number of lithium inserted into 
LiNiVO, films profiles are shown in Fig. 5a-c. During initial 
discharge process (lithium intercalation), the voltage suddenly 
decreased to —0.75—0.5 V with 1 mol lithium insertion in to the 
film form the open circuit voltage (73.0 V) after this, cell voltage 
decreases continuously till the lower cut-off voltage (Fig. 5a—c). 
In all the cases first charge cycle curves (lithium deintercalation) 
differs from those of first discharge curves (Fig. 5a-c). The irre- 
versible capacity loss (ICL) during first discharge—charge cycle 
1.1-1.8 Li, our observed ICL values are smaller compared to 
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Fig. 5. (a) Galvanostatic discharge—charge cycling plots of annealed LiNiVO4 
films (voltage vs. number of lithium inserted) (a) 300°C (b) 450°C and (c) 
600°C. (d) Discharge capacity vs. cycle number. Voltage range: 3.0—0.02 V, 
current density j=75 pA cm ?, and ~0.3 jum, thick and geometrical electrode 
area 1.32 cm?. 
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Fig. 6. (a) Cyclic voltammograms of LiNiVO films recorded at a scan rate of 1 mV s~!, annealed temperature shown in the Fig. 6a, 1 M LiPFg (EC:DEC) used 
as a electrolyte. Thickness film ~0.3 jum, Cycled in 3.0-0.02 V range. CVs recorded at ambient temperature, Li metal was the counter and reference electrode. 
Geometrical area of the electrode, 1.32 cm?. (b) ex situ XRD patterns at various Li-insertion (x) into LiNiVO, films during first discharge cycle, film annealed at 
450°C, 24h, thickness ~1.6 jum. The x values are shown in the XRD pattern and symbol (^) is stainless steel substrate peak. Impedance spectra of films annealed at 
450°C, thickness ~1.6 wm, 24h vs. Li. (c) x= 1.08 Li (1.7 V) (d) x= 4.7 Li (0.6 V). Geometrical area of the electrode 1.32 cm?. 
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that bulk LiNiVO, [8-10]. The discharge capacity versus cycle 
number up to 25 cycles was shown in the Fig. 5d. The 10" 
discharge capacity values of annealed films was 1050 (+10) 
mAh g7! (Fig. 5d), whereas amorphous film (T: 50°C) showed 
slightly lower capacity and higher capacity fading compared 
to annealed films. Film annealed at 450°C (2h) show a excel- 
lent capacity retention during cycling, however bulk LiNiVO4 
material [8,9] showed higher capacity loss during electro- 
chemical cycling. Similar improvement in the cycling perfor- 
mance of annealed films was reported previously in literature 
[5.16,17]. The improved electrochemical performance LiNiVO4 
material can be ascribed due to its nanocrystalline nature 
of the films and uniformly distributed grain particles during 
annealing. 

Cyclic voltammetry (CV) (i-V) curves of annealed films 
and amorphous film are shown in Fig. 6a, CVs recorded at 
ambient temperature, at a scan rate of 1 mV s^!. During first 
cathodic scan (lithium insertion) the voltammogram of amor- 
phous film show a well resolved intense peak at 1.56 V, on 
further insertion of lithium a broad peak around ~0.94 V, more 
intense peak at low voltage 0.46 V. While during first anodic scan 
(lithium deintercalation) a peak around 71.32 and ~2.56 V are 
seen. Whereas annealed thin films show a peak voltages around 
~0.2-0.25 V during first cathodic scan and in anodic scan, peaks 
around ~1.45 and ~2.55 V. The voltammograms of amorphous 
film show characteristic nature, in this case Li-intercalation/de- 
intercalation occurs in only one-step with a broad distribution 
of energy, whereas annealed films Li-intercalation occurs into 
LiNiVO, occurs in two-step mechanism or more depending on 
electrode particle size, this might be characteristic of nanosized 
or polycrystalline nature of the films. The redox mechanism 
and structural studies of bulk LiNiVO4 by EXAFS and XANES 
[10] showed oxidation of nickel atom reduces to close to metal- 
lic state, where as vanadium oxidation state changes from 5 to 2. 
To study the crystal structure destruction of annealed LiNiVO4 
films during lithium intercalation, we carried out ex situ XRD 
studies of annealed films at 450°C. After lithium insertion, cells 
were dismantled in a glove box, washed Li-inserted electrodes 
by using acetonitrile solvent and samples are fixed onto an air 
tight XRD holder along with stainless steel substrate. The ex situ 
XRD patterns with various Li-insertion amounts (x) are shown 
in the Fig. 6b. The XRD pattern are clearly show absence of 
hkl lines (220) and (3 1 1) at the end discharge (0.02 V; 7.5Li). 
This shows crystal structure destruction occurs after x — 4.7 Li 
inserted into LiNiVO, film, and amorphous at the end of the 
discharge. The preliminary electrochemical impedance spec- 
troscopy (EIS) studies of annealed film (450?C), on selected 
insertion amounts x= 1.09 Li and x= 4.7 Li, carried out at room 
temperature, the Nyquist plots (Z versus —Z") are shown in the 
Fig. 6c and d. Impedance spectra consists of a surface film resis- 
tance at a high frequency, middle frequency is due to charge 
transfer resistance (Ret), it arises at the interface between the 
electrode and electrolyte and third semicircle at low frequency 
is the bulk resistance comes from the electronic resistivity of the 
active material and ionic conductivity in the pores of the elec- 
trode filled with the electrolyte [21,22]. The Nyquist plots clearly 
show the impedance values decreases depending on lithium 


insertion into LiNiVO, film, this is due to changes in the charge 
transfer resistance at the interface between the electrode and 
electrolyte [21,22], changes in oxidation states of metal ions 
and also structure destruction (seen from Fig. 6b). However 
we mention detail EIS studies on LiNiVO, films, at various 
voltages during discharge-charge cycle and different cycle num- 
ber are needed to explain more detail electrode kinetics of the 
films. 


4. Conclusions 


We have demonstrated the preparation of LiNiVO4 nano 
to submicron sized particles from the amorphous rf-sputtered 
LiNiVO, thin films. The films were characterized by RBS, 
NRA, AES and their crystal growth studied by XRD, SEM, and 
AFM. The electrochemical properties of annealed films were 
examined by cyclic voltammetry and charge-discharge cycling 
by using Li-metal as counter and reference electrode, with 
0.02—3.0 V cut-off and at room temperature. CV shows charac- 
teristic (i-V) redox peaks with respect to annealed temperature. 
Charge-discharge cycling results of the LiNiVO, film annealed 
at 450°C show a stable capacity of 1050(+10) mA h g^. Sim- 
ilar synthesis method by controlling growth conditions could 
be extended to preparation and characterization of other energy 
storage anodic metal oxides. 
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